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Chapter 1

INTRODUCTION

Background

Today's military managers are faced with increasing
systems coste, Because of these ;ncreasing costs, managers
must insure that every defense dollar is spent in the most
efficlent way possible,

DOD is engaged in an effort to reduce its hardware
costs, While the military's defense costs are esca-
latinf. its responsibllity to a sustained national
gsecurlity gersists. It is therefore DOD's desire to
re-evaluate existing acquisition procedures and find
new ones in its drive to procure the best hardware
value [18:1],

One area where this increasing cost is especially true is

in the acquisition of aircraft weapons systems, A driving
factor in the aircraft cost 1s the turbine engine, and
therefore acquisition managers have been tasked with
developing cost estimating methods that will more accurately
predict engine cost., At present there are geveral cost
estimation models which can be used in the different phases
of the acquisition process. The primary area of interest in
this study will be cost estimation of turbine engines which

are in the early development stage.,

Problem Statemerns
The Propulsion Branch, Turbine Engine Division,

Alr PForce Aero Propulsion Laboratory (AFAPL/TBP) Wright-
1
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Patterson AFB, Ohio needs a model which can be used to

estimate the cost of the turbine engine early in its

development stage.,

Juatificatlion
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The Turbine Engine Division is one of four divisions
within the AFAPL. 1Its mission is the development of
advanced engines for possible use in future weapons systems,
Within the Turbine Engine Division there are four branches:

(1) the Performance Branch, which conducts basic engine

research, (2) the Components Branch, which conducts explor-

atory research--working mainly with improvement of engine

components, (3) the Propulsion Branch, which works in
advanced engine development, and (4) the Engine Development
Branch, which matches advanced engines developed in the

Propulsion Branch to a specific mission need. The

ik b

Propulsion Branch uses components developed by the (

Components Branch to design actual engines, Some of these

engines are bullt and tested while others remain only

concepts on paper, Although these engines could be used in

future weapone systems, normally they are not. Instead,

g N Y.

when the requirements for & weapon system are identified,

the technology learned in Propulsion Branch engines, and

possibly even components of the englnes, are used to develop

an operational engine to be used in the weapon system (17).

The research toplc was generated by the Propulsion Lo

Branch of the Turbine Engine Division. Since the possibility
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does exist that the éomplete engines or improved components
developed by the Propulsion Branch will be used by some Alr
Force agency in the acquisition of a new weapon system, the
Propulsion Branch must be able to accurately predict the
cost of these advanced engines (17).

The accurate estimation of engine costs in the early
development stages ls necessary today in view of the
increased emphasis on tighter defense budgets. This
increased interest in cost estimation was illustrated by
the following statement in OMB Circular No. A-109:

Meintein a capability to: Estimate . . . costs for

et prosuciion. operetien and’ suppocE. o Eatimate
« . cost duriné gystem design concept evaluation . . .
to ensure appropriate tradeoffs among investment_costs,
ownershlp costs, schedules, and performance [6:5].
If the Alr Force is to maintainlits combat readiness desplte
scarce money resources, then it must be able to accurately
predict the spiraling costs of lts new weapon systems.
Since a decrease in these costs 1s nowhere in sight, the
Alr Force must be able to anticipate and plan for the rising
costs in its acqulsition of new weapon systems (1813-6).

One of the major cost driving factors of a weapon
system ls the turbine engine, which has not teen exempt from
the problem of rising costs. There are many reasons for the
increasing cost of %today's engines, Growing inflation is
one, but the increased performance requirements of today's

advanced technology engines have also had a great effect on

cost. Such requirements as improved thrust to welght ratlos,

3
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improved fuel efficiency, and less noise and air pollution
have been met, but the result has been increasing cost,

For example, to obtain the thrust required in high
technology engines, one of the trade-offs has been a drastic
rige in turbine inlet temperatures, Techniques were
developed to compensate for these higher temperatures, One
such technique was turbine alr cooling. Air cooling ls
accomplished by forcing alr through passageways drilled in
the turbine blade (22169-73),

Another procedure Tor coping with the hotter
temperatures has been through the development of exotlc
super-alloys, Through the use of these metals, engine
deslgners have developed blades that can sustain temperatures
up to 2100° F,

The performance results of these turbine ssections
have been good, but the cost is high, For example, the
price of an advanced technology turbine disk ranges from
$25,000 to $30,000 (12:81-82), . The reasons for the high
prices are the expensive machining techniques and the

increase in cost of metals. According to Aviation Week,

the commodity price of some basic metals used in the
ailrecraft industry has risen by 125 percent since 1960
(28173-77). Sclentists are looking at ways to reduce these
cosgta, such as the development of cheaper compousite
materials, but it is still apparent that acquisition

managers will be faced with the problem of expensive engines

e e e —— — —
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in the future. Cost estimation is one tool that could be
} ugsed to help manage rising costs,
é Several cost estimation models exist; however, only
h one of these models was spscifically designed for use on the
types of engines of primary interest to the Propulsion
Branch., The results of previous studies have indicated that
some of these models are more accurate than others. When

dealing with expensive engines, however, small errors in

i cost estimation models can lead to dlsastrous results,
For example, one of the models avallable was
developed by the Rand Corporation. Research was conducted

using this model to estimate the cost of the FL00 turbine

engine. The estimated coat of the engine using the Rand
t model was $675,359 in riscal year (FY) 1970 dollars. The
u actual FY76 cost of the engine was $2,000,000 which

s equates to $1,148,000 in FY70 dollars (18:5). Since

i Propulsion Branch analysts desire an estimated value within
:' 25 percent of the actual cost, this underestimation of
$472,641 1s unacoeptable, Therefore, further research Js

9 required to determine which of the exigting models are most

appropriate for the needs of the Propulsion Branch (17). 3
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Chapter 2

LITERATURE REVIEW
Cost Estimation

Estimating is the process of reckoning in dollars
the sum necegsary to manufacture a product at some
future time by calculating and projecting the future
costs of men, materials, methods, and menagement, It

is a {art of every business. The production of any
ltem ls tled to estimating from the time 1t is

consldored feasible, through development and engineering,
untll the cost of every nut, Lolt, and screw can be
priced as a part of the total cost for the job [8:1].
Milltary service manuals on cost estimation listed as many
as five different methods; other sources listed many other
variations such as synthesls, analysis, roundtable
estimeting, estimating by comparison, detalled estimating,
analytical appreisal, comparative analysis, and statlstical
analyels (2:2), These methods can be placed in two
categorles--engineering-accounting and statistical (1:2),

Engineering-accounting.

The engineering accounting
approach, also referred to as the industrial engineering

approach, the grass roots approach, the building block
approach, or the bottom up approach,

+ + + entalls the examination of separate items of
work at a low level of ‘the work break down structure
with detalled estimates developed for the functional
coats of engineering, manufacturing, quality control,

ete, In turn, these are broken down by labor, material,
and other elements of cost for each item [1:3j.
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The summation of these individual costs is used to compute
the total system cost (17). According to a Rand report:
Engineering estimating procedures require

considerably more personnel and data than are

likely to be avallable to government_agencies

under any foreseable conditions [215].
Nevertheless, the engineering method is sometimes used in
the later phases of the acquisition process when more
detalled information is known. One advantage of the
engineering method is increased accuracy because of the
detall required in arriving at the final cost, However, it
is algo the most expensive and time consuming, Many pecple
are required to analyze a system's components and determine
the price of each (2:2-8). Since the engineering accounting
approach entalls more resources than the statistical method,

the latter is the most widely used in cost estimation.

Statistical analysis. The use of statistical
analysls In cost estimation has proven to be one of the
more practical methods, The key to thls methodology 1ls the
extensive use of historical data pertinent to the system
being studled. Pertinent historical data may be defined
as characteristics of previous systems which are similar to
characteristics of the system under consideration (2:113-16).
Statlistical methods are used to analyze data and establish
cost driving relatlionships between the 0ld and new system
(L541-2)., For example, 1t might be determined from

analyzing hlstorical data in the automobile manufacturing

7
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industry that when the speed capability of a new model
automobile increased by a certain amount, the price also
increased by a proportional amount. By using the rela-
tionship of speed to price, general squations can be
developed to estimate the price of any new car, This
simplified example demonstrates one of the basic concepts
used in statistical cost estimation--linear regression
(291315=326 )\.

Linearl}egression. Linear regression is a method
commonly used in cost estimation to analyze historicsl data.
One characteristlic of the system, for example the speed of
a car versus cost, is chosen, and all the data collected
concerning cost versus speed are plotéed on a two dimen-
sional graph. The lndependent variable speed is plotted on
the horizontal axis (x) against the dependent variable cost
on the vertical axis (y). Once the speed/cost data are
plotted, a line is fltted through the plotted data points.
By determining the slope of the line, the x-axis intercept,
and the y-axls intercept, a linear equation describing this
line can be formulated. This general equation can then be
used to estimate the price of any car baged on the desired
speed capability of the car (Figure 1). Detailed procedures
for fitting a line can be found in basic statistlcs texts
(301368-395).

A problem that must be considered when using

regression analysis is the significance of the derived

8
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} s equation. One method of testing for a significant rela-

| tionship between x and y is called the t-ratio or ratio of

b 2 a coefficient to its standard error. The procedure develops
a hypothesis that x and y are not related, and then testing
of the data ls performed to determine if the null hypothesis

? can be rejected (29:341-347), (See Appendix D for further

explanation of regression analysis.)

Turbine Engine Cost
Estimatlion

The statistical methods previocusly discussed were

R e T T R, R S TN

the primary methods used in developing turbine engine cost

estimation models for Air Force use (2:v), When developing
an engine cost estimating model using linear regresslon
technliques, engine parameters must be selected which will
have an effect on production cost. Thils relationship,
between cost and parameters, 1ls called a Cost Estimating

Relationship (CER), and the method is termed Parametric

e T i S T L e i e+ o i e

Costing (2179-87)., Por turbine engines these CERs include
such parameters as thrust, weight, maximum RPM, turbine inlet

temperature, crulse mach, and specific fuel consumption

LT e s e

(201v), Historical data concerning engine parameters are
collected, and linear regression is used to determine which
parameters show the greatest relatlonship to production cost,

In the regression model, the engine parameters are the

independent variables and production cost ls the dependent
variable, From the regression analysls, generalized

10
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equations are developed which can be used to estimate the

cost of the engine (2:33-50).

Rand model. The Rand Corporation has conducted
extenslve research ln the cost estimation area. The
majority of its work deals with parametric costing
techniques., Rand's latest effort using parametric costing
was an analysls of turbine engine life cycle costs. Of
particular interest to this research effort was the portion
of the Rand study dealing with engine production cost
estimation.

Ag with most other cost estimation models, the Rand
model used several CERs in its equations. Rand studied
many different englne parameters and detegmined that
parameters such as thrust, welght, turbine inlet temperature,
and specific fuel consumption were the primary cost drivers
in engilne production cost (19:113). However, at this point,
Rand varied from the standard technique of showing a direct
relationship between an engine parameter, such as thrust,
and cogt. Instead, Rand introduced a level of technology
factor in its model. Rand believed that if an engine pushes
the state-of-the-art, the result would be an increase in
cost, and this factor should be part of the cost estimating
equation (19:113).

In using the state-of-the-art factor in the model,

Rand introduced two terms which are not used in other cost

11
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estimating models. These terms are time of arrival (TOA)
and model qualification test (MAT)., TOA is the time
designated that an engine passes MAT, and is ready for full
production (20:15), Rand defined MRT as

» + + the final military qualification, normally

150 hours, after which the engine is considered to be
sufficlently developed for installation in a production
alreraft [27:8].

Rand used a separate regression model containing the
previously described engine parameters to caloculate TOA.
This TOA was given In quarters of a year with October 1942
used as the base year, The calculated TOA was compared to
the engine actual T0A, and the difference of the two was the
engine's delta TOA (ATOA). TheATOA is the state-of-the-art
factor which is used in the CER to calculate the estimated
production cost.

For example, assume that a new engine is being
developed, and the values required for the cost estimation
model are known. The calculated TOA is determined from the
computation of the known values ln the equation. If this
TOA ls higher than the engine's actual TOA, the state-of-the-
art raquired to build this engine is being pushed, and the
result will be lncreased cost, Table 1 is a listing of the
equations for tha Rand model (20:3-19),

Rand's first report on this type of cost estimation
model was in 1974, A research effort conducted by Captains
Rodney J. Mullineaux and Michael A. Yanke reported the

results of the model using data they had collected on the
12
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F100 engine. As indicated earlier, the estimated cost of
this engine using the Rand model was $472,641 below the

actual engine cost--an error of 70% (18:5).

In 1977 Rand issued another report in which the data
base used to construct the original cost estimation model
b / had been updated, thus leading to improvements in the model.,
oL The model shown in Table 1 is based on this 1977 report.
Currently, no formal study of the new model has been
. conducted, although a cost analyst who has been working with
. this model indicated thet the estimated costs are agein
. below the actual engine costs.
b Although the Rand model could be used by the
N Propulsion Branch, the model design makes it more appro-
e | priate for use in earlier development stages where less

detall about an engine is known (17),

- Grummen model. The Grummen model is another cost
estimation model which was based on the Rand concept just
i discussed, The Grumman engine production cost model was
part of a Life Cycle Cost Model developed by the Grumman
Aerospace Corporation for the Alr Force Flight Dynamics
Laboratory et Wright-Patterson AFB, Ohlo. It was demlgned
to predict the total cost of an advanced alrcraft system

including research, development, testing, and engineering;

productlon; initial suppori; and operations and support
costs, A portion of the model deals specifically with the

predictlion of engine costs (11:l1)
14
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As in the Rand model, the Grumman model relates cost
to design parameters and vehicle performance requlrements,
Grumman's data base was developed using Rand's cost
estimation data base and industry sources. The cost data
from these sources were combined with the appropriate engine

deslign parameters and regressed to produce CERs, as explained

earlier (11:19). This model also relates the production

costs to advances in engine technology. Therefore, as in

the Rand model, a TOA exists in the Grumman model, but

r instead of TOA Grumman used the term Delta Technology Time

| (DIT) (11166). 5%
: This model was designed to be used with a complete

i weapon system; thus, the Propulsion Laboratory and other %
: departments within AFAPL have not used this model and are
not aware of its value or ocredibility at thls time, At

present, the model ils being tested on new engines to
. evaluate its practicability in cost estimation of advanced

) engines (17). (See Table 2 for the Grumman Model.)

T Mullineaux and Yanke model, In June 1976 Captains
‘g\ | Mullineaux and Yanke of the Air Force Institute of

g ? Technology, Wright-Patterson AFB, Ohio, conducted a atudy
- to build a model for AFAPL for estimating engine costs.

':;" This study led to the development of a new model, Model 8
,i5 in their thesis, This methodology was bullt upon the CERs
i developed by Rand with a few modifications--the addition of
*é material factors developed by the Navy, to be discussed

15
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later in the Maurer Factor (MF) approach. Mullineaux and
Yanke felt that the inclusion of a material factor within
thelr model " . . . would automatically update the cost-
estimating model as changes in technology occurred [18:217,"

 Their final report recommended Model 8. The findings
indicated a ninety-five percent certainty of estimating the
actual cost within $375,000. Although Model 8 did not
include a material factor, as depicted in Table 3, the
variables within the model did allow for englne design
change., Models 3, 4, and 6 did present rationale that
material factors were powerful cost estimating parameters.
However, Mbdel 8 achieved a lower percentage of error than
those dealing with both performance and material pérameters
(18180-81), Table 4 lists Models 3, 4, and 6, Furthermore,
Mullineaux and Yanke assumed that the learning curve did
not apply to turblne engine production cost. Therefors,
thelr model's production cost was based on the average cost
of all engines of a particular type produced,

Cost analysts working with turbine engines believe

that the learning curve theory does apply: therefore, as
the number of engines produced changes, the cost will change.
Using the cost obtained frum the Mullineaux and Yanke models,
a compensation in coat change dus to change in production

quantity cannot be mades (17),

Maurer factor. A cost estimation model that might

be morse appropriate for Propulsion Branch use is one which

17
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; incorporates the Maurer Factor CER, The MF, developed by
" g the late Mr. Richard J, Maurer, was a parameter used in the

§ Navy cost estimation models., The basic concept behind the
j MF method was that the cost of a turbine engine is related
to the materials required to bulld the engine (3:12-5).
4 1 In the mid 19608 the Navy began extensive research
i into the "why and how" of engine costs. As higher
technology englnes became a reality, the Navy reallzed that

‘% ; its costing methods were not adequate, After surveying

exlsting costing methodologies and CERs, the Navy decided

i that the engine parameters used ln its cost estimation

b models were not valid, Instead, the Navy developed the

Ty basic rationale that the cost of an engine, in great part

Q L if not entirely, 1ls governed by the type of material as well

as the wéight of the raw materlal employed in the manufacture
of an engine (3:12-5).

Thlis rationale assumes that most of the physical
and thermodynamic technology areas associated with
engine-compressor stage loading, maximum turbine
temperatures, specific weights, etq--are closely
interrelated with the metallurgical technologiles,
This assumption is probably more true of the aircraft
industry than any other aerospace industry because of
the severe stress and temperature environment
experienced by a jet engine [3:12-5],

e s

As a result of this concept of the relationship of

e me T e e T e e ]

materials to cost, the Navy began initial efforts in defining

a materlel parameter to describe engine costs. Mr., Richard
Maurer did extensive work in classifying all the materials
used in a jet engine into seven material categories, and

20
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developed a welghting factor for each category (Table 5).
In developing the weighting factor for the different metals,
Maurer considered both the cost of materials and machining

costs, including labor and production costs (312-5).

Table 5

Material Classification and
Welghting Factors (18:199)

Material - Percentage of Welghting
Classification Nickel + Cobalt Factor
Conventional 0 - 2k 1.00
A | 25 - Wb 6.65
Titanium (T) - 10,50
B 45 - 59 13.95
c 60 - 69 24.00
D 70 29.75
E >70 Lo, 00

In order to use the MF in engine cost estimation,
the gross welght of all the materials required to build an
erngine must be known. The MF ls determined by the summation
of the raw materials weight times their relative welghting
faoctor. The MP equation is

MF £ by
= § W
1=1 11

where W, is the gross weight before machining of the Lth

part and f; 1s the corresponding weighting factor (3:12-9),
21
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Next, linear regression 1s used to develop a cost estimating
relationship in which the MF is the independent variable,
and production cost is the dependent variable (Figure 2)
(312-8 to 2-12).

A varlation of the original MF technique is the
estimated MF. Englne performance parameters, such as welght
and turbine inlet temperature are used in a parametric
equation to determine an estimated MF, The estimated MF
is then used in the same manner as the actual MF to
determine engine production costs (312-14),

The Navy's work with the MF has enticed other
organizations to study the MF, Detroit Diesel Alliscn (DDA)
has conducted extensive research concerning the MF approach.
DDA'e work with the MF resulted in some minor changes in the
welghting factors for the materials, Also, DDA felt that
since the MPF ls based on the total weight of raw materials
in an engine, some factor was required to indicate the degree
of efficlency of material utilization., They lntroduced also
a "K factor" which included a measure of plant efficlency,
effect on manufacturing cost due to production rate, and
effect of total production quantity on cost (23110-4 to
10-11), DDA belleves that the main advantage of the MF
method is that it i1s a simplified cost estimation method
that ylelds useable results.

There are other cost estimation methods, such as the
accounting-engineering method mentioned earllier, which ylield

22
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better results but also require many more man-~-hours and

much more detalled information about the engine, Ordinarily
this information would not e available in the early stage
of engine development (23:10-18),

The Learning Curve

Another aspect that should be taken into account in
cost estimation models is the learning curve. The basic
theoxry ls that when a new task ls undertaken by an individual
or group, continuous repetition of that task will tend te
improve efficlency (4:13)., The learning process prevails in
many industries; its exlstence has been verified by
emplrical data and controlled tests., A Rand report stated
that

+ » » the baals of learning-curve theory is that
each time the total quantity of items produced doubles,
tlh.e cost per ltem is reduced to a constant percentage
of its previous cost [2193].

For example, in a manufacturing process possessing
an 80% learning curve, the cost of producing the 2nd unit
would be 80% of the cost of producing the lst unit, and the
cost of producing the 32nd unit would be 80% of the cost of
producing the 16th unit (17). The learning curve seems to
fit most appropriately in situations where there is: (1) a
high proportion of manual labor, (2) uninterrupted
production, (3) production of complex items, (4) nec major
technological changes, (5) continuous pressure to improve,

or (6) no external rate changes (16). Although there are
24

TS

- T SR L S P



many factors contributing to the learning curve theory,
the most commonly mentioned are:

1, Job familiarization by workmen,

2. General improvement in plant coordination and

organization,

3. Development of more efficient operations,

4, Substitution of casts or forged components for
mechined components.

5, Improvements in overall management (2:194),

Rand also believed that a learning curve exists for

unit materials cost, Workmen learn to work more efficiently

with the raw materials, and management learns to order
materiales in shapes and sizes which are more appropriate for
the job, thereby reducing the waste involved in fabrication,
The result is a reduction in overall material cocst as the
learning process continues (2195-96),

Since the MF is based on fha relationghip of
materials to production cost, this research effort will

investigate the application of the learning curve to the

MP. (See Appendix B for explanation of the learning curve.)

Objectives

The objectlive of this research study was te determine
if the Maurer Factor cost estimation method could be used

by the Propulaion Branch of the Alr Force Aero Propulsion

Laboratory, The study will include an examination of the

procedures required to use the MF cost estimation method.
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The accuracy of the results obtalned from the MF
technique and the amount of time and effort required to use
the technique will determine the value of the technique to
the Propulsion Branch.,

The research offort will also investigate the
possible application of the learning curve theory to turbine

engine cost,

Regearch Questionsa

1, What steps are necessary to develop and use the
Maurer Factor cost estimation model?

2. What results can be achieved concerning turbine
englne cost estimation in the early development stage by
using the Maurer Pactor cost estimation model?

3. Is the learning curve applicable in turbine
engine cost estimation?

4, How can the learning curve be incorporated with

the Maurer Pactor technique?

Research Hypothesis

A model based.on engine performance parameters

can be developed which will estimate the Maurer Factor.

Summary

Increasing costs in aircraft weapons systems have
been evidenced by the acquisition managers, In an attempt

to use limited funds more efficiently, cost analysts require

cost estimation techniques which will accurately predict
26




future costs. The Propulsion Branch analysts are familiar !

with four estimation techniques-~(1) the Rand model, (2) the

Grumman model, (3) the Mullineaux and Yanke model, and (%)

PR STt et A S R xR ok

the Maurer Factor model, However, they have speciflcally
requested the study of the MF for use in their work with

» .

turbine engines, The MF is a statistical and not an

e

*

industrial-engineering approach of achieving a cost
estimate. This research will analyze the MP's usefulness
in predicting turbine engine production costs in the early

~ development stage.
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Chapter 3

RESEARCH METHODOLOGY

Qverview

The research methodology was desligned to determine
the estimated cost of turbine engines using the Maurer
Factor (MF) technique. Additionally, a model was developed
which will estimate the MF., In this model, estimated
Maurer Factor (EMF) was the dependent variable and engine
performance parameters and engine categories were the

independent variables,

Variables of Interest

The varlables of Interest included turbine engine
materials, engine performance parameters, and engine
classification baged on afterburner versus non-afterburner,
The materials varliable represented the summation of all
materials in a turbine engine. RPM, turbine inlet
temperature, and thrust were the performance parameters

used in developing the EMF model (Table 6).

Justification of Variable
§gIecE%on

As dlscussed earlier, several studies indlecated that

engine materials were an important cost-driving factor

28
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(31 15; 18; 23), For this study the MF was used as the
meterial factor in the cost estimation model,

The variables listed in Table 6 were used to
develop the EMF model. These varlables were determined
through dlscussion with the Propulsion Branch cost analysts
and through information gained from research studies
conducted by the Navy and the Rand Corporation (8 17: 20,
27). Several combinations of these independent variables

were used in developing the model,

Selection of :gdependent
ariables

Three baslic requirements were considered in
gelecting variables for the cost estimation model.

1. The variable (MF) had to exhibit a logical
relationship as a cost-driving factor (29:374-376),

2. The varlables in the EMF model had to show a
loglical relationship to MF.

3. The model is propcsed for use by the Propulsion
Branch; therefore, independent variables were selected which
could be supported by data available to the cost analyst

in the early development stage of an engine.

Method of Data Collection

Two methods were used to obtaln data, PFirst, the
data base created by Captalns Mullineaux and Yanke was used,

The data base contains engine performance parameters for 93
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turbine engines, However, the gross weight of individual
components in gome of the engines was not available;

; therefore, these engines could not be used for MF
calculations.

Another major source of data was the USAF Propulsion

Characteristics Summary (Alrbreathing). This document is
commonly referred to as the Gray Book. Data in the Gray
Book concerning engine production lots and engine prices
were used for investigating learning curve characteristics

in turbine engine production, Also, the data collection

plan included the use of the Navy's equivalent to the Gray
Book.

The DD Form 346, Abbreviated Summary Bill of
Materials, was another data source, The 346 gives a break- ?1
down of an engine by components and lists the gross welght

of these components, before machining, along with the type

of material of each component, The 346 is supplied to the
Alr Force by the contractor, and the data contained in it
are vital to performing MF computations, An example of the ;
date found on the DD Form 346 is shown in Table 7.

The final source of data was material type and ;
gross welght of engine components as supplied by engine , §
manufacturers, A complete aet of this type of data was 3
obtained from the manufacturer of one of the validation

{
engines (Appendix C). ﬁ




4 ‘ﬁﬂ:},ﬂ Y AR IO M

b oy

IR

Table 7
Semple Information from DD Form 346

g Name of Specification Gross W+, Material
Bl Material (AMS) (1ba) Classification

4640-Alloy Steel 3004 12 Conv
4 . Incoloy T-SST 5531 7 B
3 1605-SST 5530 58 B

Rene A41-8ST Ls00 1 T

i

R
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Before the data obtained from the DD Form 346 and
from individual contractors could be used for MF compu~-
tations, the different materials for all of the engine
components were classifled and assigned to one of the seven
categories shown in Table 3. Tﬁe classification involved
several steps,

Pirst, the different alloys were assigned an
Aerospace Material Specification (AMS) number (13:1-31).
Each AMS number was assigned to one of the seven MF
categories shown in Table 5. The AMS conversion tables
used by Capts Mullineaux and Yanke were used to categorize
the AMS numbers by MF category (18:101-103). An example of
this table is shown in Table 8. A complete explanation of
the materials classification procesa is in Appendix C,

esgr on

The population consisted of all turbine engines
which have been used in United States military aircraft and
advanced engines currently under development for possible
use in future weapon systems,.

The research conducted for the literature review
indicated that data pertinent to the calculation of the MF
may be difficult to obtain, Therefore, a sample of

opportunity was used in our data collection effort.
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Aerospace Materials Specification (AMS)

Table 8

Conversion

Table

AMS

Classification

3004-4893
4900-L4966
53b42- 5344

5530-5532

Conv
T
A

34




g Model Justification

4 The objectives of the study included an investigation
' of the MF prccess and the development of an estimated MF i
model., The MPF cost estimation concept was chosen becauses 4
L. A model ls needed which 1s not complicated and . %_
ocbtains reasonable results, Engineers and cost analysts .&
b working in the turbine engine field consider an estimate ) Y
3 within 25 percent of the actual cost to be reasonable (17). §
2, BEngine cost appears to be highly related to :
materials; therefors, the model should be sensitive to 3
materials (3:12-5). f
 § i 3. The higher the engineering technology in an |
3 engine the higher the cost; thersfore, the model must be
sensitive to technology changes (13:81-82), Technology is
] compensated for in the MF model through the welghting . f

N factors assigned to the seven MF materials classifications 3
- (312-5).
- The development of ‘the EMF model was studied because i
‘¢. the materlal data required to compute the actual MF may not i
93 be readily avallable to cost analysts in the Propulsion ;
Branch., Since the literature review indicated that the use
b of a material factor in the turbine engine cost estimation _
:; model 1s appropriate, a relationshlp between engine 3
g parameters and MF was used to develop the EMF model. The s

{Q Navy's successful use of the MF technique verifles the

v importance of the meterlal factor in estimating engine

;ﬁ cost (7). 33




Model Development

One part of this research effort was directed toward
developing a model that could be used to estimate the MF.
The EMF can then be used in the MF cost estimation models
developed by the Navy. To develop the EMF nodel, it was
necessary to establish and verify appropriate relationships
between engine parameters and MF,

After the appropriate variables were identified,
such as the relationship of engine air flow and MF; engine
thrust and MF; and turbine inlet temperature and MF, some
meaningful way had to be used to combine these variables
into a umeable model. Regression analysis was used to
enalyze and combine the varlables into a model which

resulted in an EMPF model.

Regression Analysis
Multiple regression was used to develop the EMF

model. Multiple regression is an extension of the simple
linear regression technique discussed in Chapter 2,
However, in multiple regression a number of lndependent
variables may be used, The advantage of this method is
that the effects of several independent variables on the
dependent variable may be determined, Also as independent
variables are added to the model, the amount of unexplained
variation in the model is reduced (29:359-362),

The independent variables were the engine performance
parameters as listed in Table 6, The dependent varlable was

36
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MF. An explanation of the multiple regression technique

used to develop the EMF model is given in Appendix D,

-
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Validation Process

The Maurer Factor technigue, Before EMPF model
validation could be accomplished, the cost estimating

=4

relationship of calculated MF to cost had to be validated,

R 5.4

The calculated MF for five engines was ussed in three MF

models developed by the Navy, Hereafter, these engines

bl

will be referred to as valldation engines 1, 6, 7, 8, and 9.

P

IR (YT

Engine 1 is an advanced technology engine, and engines 6,

e

7, 8, and 9 are turbojet engines currently in use, The
estimated costs of the vallidation engines were compared to

their actual costs, Sfngines 1, 6, 7, 8, and 9 were salected

as the validation engines because the data required to

compute the MF for these englnes were avallable, and their

g S Siga i oS e 0

actual costs could be determined. Therefore, a meaningful

comparigon between actual engine cost and the estimated

cost could be made. After the Nevy MF moudels had been

cam= ainb TESEL Lo

validated, the EMF model valldation could be accomplished,

e s e N

Egtimated Maurer Factor model validation., The EMF
models were developed using data from the Mullineaux and

Yanke data base, Five advanced technology engines were

ugsed to valldate the EMF models; hereafter referred to as

engines 1, 2, 3, 4, and 5.
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Certain performance parameters for engines 1, 2, 3.

L

4, and 5 were used in the EMF models to arrive at an EMF.

=2y

The computed EMF was then used in the three Navy MF models.

T

|
|
The resultant estimated costs were compared to the actual %
b cost of engines 1, 2, 3, 4, and 5. f

In order to obtain a realistic validation of the EMF é

models, engines 1, 2, 3, 4, and 5 were not used as data

points in developing the EMF models, e

Selected test criterion. The statistical signif-

|
‘ icance of the model was determined using F-test and t-tests @
b with the level of significance set at a = .05, (See |

Appendix D for further explanation of these tests.)

?. Summary Ligt of :
) Limitations
i 1. The gross welghts of some of the engine
Yy components used in calculating the Maurer Factor were
estimates, The estimates were made by the engine manu-
é facturers and were assumed to be accurate (17).
2, The independent variable list identified may
not be all-inclusive (17).

i Summary List of
§ Assumptions

& . 1. Concerning the independent variables:

a, The regression models developed by the Navy
] were azssumed to represent an accurate regression of furbine

sngine cost on Maurer Factor (3:2-13),
38
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b. The engine performance parameters used in
developing the EMF regression models were assumed to be the
moet representative of the entire set of possible performance
parameters, and

¢, The independent variables met the necessary
criteria for regression analysis, A lilst of these criteria
can be found in Appendix D.

2, Historical data of past jet engines could be

used to predict the costs of future jet engines,
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Chapter 4

DATA ANALYSIS AND FINDINGS

Introduction

In this chapter a detailed analysis of the Maurer
Factor (MF) technique and the estimated Maurer Factor (EMF)
models are presented. The results of the estimated costs
of the validation engines obtalned using the MF technique
are dlscussed in an attempt to determine its validity.
Also, a statistical analysis of the EMF models is presented.
The EMF models are discussed in terms of +the statistical
findings for each model and the results of the valldation
process using the validation englnes., The chapter is
summarized by addressing the research questlions and the

research hypothesis.,

Manwrer Factor Cost Estimating
Lecnnigue

Learning curve cosi_adjustment. The learning curve

theory was used to adjust the cost of the validaetion engines
to the cumulative average cost of 1500 engines. The
adjustment was required because the Navy MF cost estimation
models were based on the cumulative average manufacturing

cn8t of 1500 engines, and the costs of the validation

enginesg were all based on costs other than the cumulative

Lo
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average cost of 1500 engines. To make a valid comparison
of the actual cost to the estimated cost, the actual cost
and the estimated cost had to have the same cunulative
average cost basis,

Since validation engines 6, 7, 8, and 9 were engines
in the inventory, historical cost data for these engines
were available, The peicent of learning for these engines

was calculated using the computations shown in Appendix B,

After the perncent of learning was computed, the cumulative
average cost of engines 6, 7, 8, and 9 was calculated, A
summary of the calculations ls presented in Table 9.
Because validation engines 1, 2, 3, 4, and 5 were :
proposed advanced technology engines, no historical data %
were avallable to calculate the percent of learning. The {
learning figures supplied by the manufacturers were used to
adjust the costs of validation engines 1, 2, 3, 4, and 5 to
cumulative average costs (Appendix B), A summary of these

computations is shown in Table 9,

Profit and General and Administrative cost
adjustments. In addition to the learning curve cost

adjustment to the validation engines, the engine costs

were adjusted for profit and general and administrative

(G&A) costa, This adjustment was necessary because the

Navy cost models gave an estimated cumulative average

manufacturing cost, but the dollar amounts of the validatlon

engines were total selling price to DOD. The manufacturing
L1
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Table 9
Percent Learning for Validation Engines

Validation Calculated Manufacturer Cumulative
Engine Percent of Supplied Average Mfg

Number Learning Percent of Cost® of
Learning 1500 Engines

1 -- 90% 266 ,658°

2 -- 87% 1,100,012°

3 -- 8% 328,065°

b -- 89% 259, 4107

5 - 90/85% 148,483°

6 93% - 277,535°

7 99% -- 288,006°

8 100% -- 240,009°

9 91% -~ 328,919°

2011 cost figures in FY78 dollars.

bManufacturing cost of basic engine less controls
and accessorles.

®Manufacturing cost of basic engine, controls, and
accessgories,

L2
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costs of the vallidation engines were computed by removing
profit and G&A costs from the selling price. The profit
and G&A rates were provided by the Propulsion Branch
(Appendix E) (17).

Results of Maurer Factor validation. The adjusted
costs of validation engines 1, 6, 7, 8, and 9 shown in
Table § were used as part of the analysias of the MF cost
estimation technique. Engines 1, 6, 7, 8, and 9 were used
becauge the data required to compute the MF were available
for these engines, Appendix C is a step-by-step description
of the MF calculations for validation engine 1, The same
procedure was used for engines 6, 7, 8, and 9.

As explained in Chapter 2, the calculated MF ls the
independent variable in a simple regression equation of
cogt on MF, The Navy has developed three MF cost models.
(See Table 10 for Navy models.) In an attempt to verify
the validity of the MF technique, the calculated MFs for
valldation engines 1, 6, 7, 8, and 7 were usad in the three
Navy models. The results of the computations are shown

in Table 11 and Plgures 3, 4, and 5.

Analysis of validation results. In the case of

turbine engineg, a cost estimation model 1s considered to
be a useable model when i1t predicts cost within 25 percent
of the actual cost (17). Valldation engines 1, 6, and 9
met the 25 percent crlterion.

43
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Table 10 | 1]
Navy Maurer Factor Cost Models

Model 1 CAMc®

b.453 (MP) + 3582

Model 2 CAMC®

1.875 (MP) + 48296 b -

Model 3 camc®

1,669 (MF) + 73889 | g

BeAMC = Cumulative average manufacturing cost (FYés b
dollars) per engine based on 1500 engines, ‘
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In an attempt to determine which of the three Navy
MF models was the best, it was noted that the engine thrust
or possibly the size of the MF may determine which model
glves the best results., It appeared that engines with a
maximum thrust of 10,000 pounds or less obtained the best
results using Model 3, but that those with thrust greater
than 10,000 pounds obtained the best results using Model 2.
The MF size may also be a driving factor. 1In this case
Navy Model 3 performed best when the MF was less than 55,000,
and Model 2 seemed to achleve better results wlth a MF '
above 55,000, The MF size corresponded to the amount of
thrust, Engines with a MF of less than 55,000 also had less
than 10,000 pounds of thrust, Thoee with a MF greater than
55,000 had more than 10,000 pounds of thrust,
Estimated Maurer Factor

Moae.s

overview. The objective was to develop an estimated
Maurer Pactor (EMF) model whlch could be used in the early
development stage of a turbine englne. This section
describes the EMF models that were developed, The dlscussion
includes a description of the data bases, a statistical
analysls of selected models, and the results of the

validation of the models.

Model development., The EMF modela were developed
using the multiple regression technique (Appendix D). The
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regression was performed using four data bases hereafter

referred to as the Basic Data Base, the Grumman Parameters

i

it
kU
’\'v

Data Base, the Turbofan Data Base, and the Turbojet Data

Base, The following is a description of the contents of
each data base,

$ Basic Data Bass, The Basic Data Base conslsted of

the calculated MF and engine parameters for 35 turbine

engines, The data for these englnes were obtained from
research conducted by Mullineaux and Yanke, from analysts
at the Naval Alr Development Center, from the Alir Porce

Gray Book, and from the Nivy verslon of the Alr Force Gray

Book., Table 12 ls a summary of the variables in the Basic

Data Base,

Grummen Parameters Data Base, The Grumman

Parameters Data Baée contained the calcoulated MF and some

of the engine parameters used in the Grumman cost model

discussed in Chapter 2, The Grumman Parameters were

. H

gelected because of regearch conducted in which it was :

determined that the Grumman model ylelded the best cost

estimation results as compared to the Rand and Mullineaux
and Yanke models (17). Pifteen engines were used in this
data base, Table 13 is a summary of the variables In the

Grumman Parameters Data Base,

-
Cod
Turbofan and Turboiet Data Base. The Turbofan and v
\ .JE
Turbojet Data Bases were developed by separating the engilnes

50
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Table 12

Basic Data Base Variables

Varieble Name Variable Abbreviation

Calculated Maurer Factor MF

Engine Dry Weight (pounds) WT

Alr Flow AF

Turbine Inlet Temperature (Degrees F) TIT

Engine Diameter (inches) DIA

Thrust to Welght Ratio ™

Afterburner AB

Maximum Specific Fuel Consumption MSFC |

Maximum Thrust MIRST é %
3
j
#
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Table 13

Grumman Parameters Data Bage Varlables

Variable Name Variable Abbreviation

Maurer Factor MF

Model Qualification Test Based
on Grmumar Base Year 1900 MQTYR

Overall Pressure Ratio PRESS
Sea Level Limiting Mach MACH
Afterburneyr AB
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in the Basic Data Base into two categories-~turbofan and

turbojet. The paramseters in the Basic Data Base were also
rﬁf used in the Turbofan and Turbojet Data Bases, The Turbofan

s Data Base contained 1l engines and the Turbojet Data Base

g contalned 24 engines.

Statistical Analysis

Overview, A statistical analysis of the EMF models
B wes conducted to determine which models were statistically

significant, The statistical significance of a model is

e

; determined by measuring the dependence of a varlable on a

get of independent variables, A subjectlve determination

) of the level of significance for each EMF model and its
independent variables was set at the a = .05 level
(29'243'2“‘5) .

3 ; As presented in Chepter 3, the technique of multiple

regression was used to develop the EMF models, With the
, aid of a computer subprogram, REGRESSION, 13 initial models
A ! were developed. The subprogram produced a printout with the

information required to analyze each model and its independent

1

ﬂ. | variables, With this printout, it was then determined that E

“ l all models except Model 11 were statistically significant at .
| the o = ,05 level., Once each of the 13 models was tested p
l for significance, the independent varlables were analyzed

J as to their significance in thelr particular model. (Ses

-iﬁ.x; Appendix D for further details,) After the analysis of

! 53




the overall models and the individual variables was
completed, the next step of the analysis was performed,

Each of the Iindependent variables was analyzed for
significance in its EMF model., The 13 EMF models were then
run through the multiple regresslion subprogram, but with
this run only the previously determined significant variables
were included, Table L& is a summary of the results of the
two-step statlstical analysis, The table includes the RZ
value and the F value for thé overall models with all
independent variables included. The table also shows the
R2 and the F value for the same models wilth the statistically
insignificant independent varlables excluded,

The EMF models were grouped according to the data
base used to develop the model. The following is a
discussion of the results of the statistical tests performed
on the final EMF models--that ls the models with only the
significant variables included, Of particular intersest was
the R2 value for the overall model, the F value for the
overall model, and the t statistic for the individual

variable coefflclents,

Baslc Models, The Basic EMF models (Models L, 2, 3,
L, 5, and 9) which were developed using the Basic Data Base
are summarized in Table 15, The models and the lndependent
variables were tested for statistical significance at the
¢ = .05 level., All of the final EMP models shown in Table 15

were significant as were the independent variables,

Sk
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Table 15

fﬁ Summery of Baslic EMF Models E

&y
G : E
e i b
. ! E
i ! \
G \

.
— Model Number EMP Equation 4

! 1, 2 EMP = ~422656,90933 + 297.84749 (TIT) -\
3 EMF = -348352.779 + 194,695 (TIT) + b
200,864 (AF) + 57779.67 (MSFC) -
-68144,103 (AB) R

- 4 9 INP = -35835. 54 4 02,199 (AP) + @
g 304380, 385 (MSFC) 3

-19,2574 + 4,0784 1n (TIT) b

5 ln EMF
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;§ f The R2 value in a multiplLe regression model is used é
;5 as an indicator of the strength of the model, It was ;
'%i ' believed that the EMF models should have an RZ of at least %
_%K ! .80, Of the Basic EMF models, only Model 3 met the ,80 M
?f . criterion. Because of the low R? of Models 1, 2, 4, and 5, I
ﬁg thelr use as an estimator of turbine engine costs was -2
;ﬁ‘ - questionable. %
Y 3
i Grummen Models, The Grumman EMF models (Models 6, b
Sﬁ { 7, and 8) which were developed using the Grumman Parameters {
ﬁ l Data Base are summarized in Table 16. All of the Grumman %Y
f; EMF models shown in Table 16 were statistically significant %
3 at the o = .05 level as were the independent variables. F@
 % 1 The final version of EMF Models 6, 7, and 8 were the same &
g because when the lnsignificant variables were eliminated, R
ﬁ | PRESS was the only remaining significant variable. f
- t
» Table 16 5
'3 E Summary of Grumman EMF Models ; ;
2 5
ﬁé Model Number EMF Equation f i
Fg | 6, 7, 8 1n EMF = 3.18165 + 3,10309 1ln (PRESS) g
7% 3
kil -
&. The R2 values for the Grumman EMF models were above E E
W?f the desired level of .80. Therefore, the possibllity B
;' exlsted that these models could be used as predlctors of
j turbine engine costs, 58
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Turbojet Models. The Turbojet EMF models (Models 10,

11, and 13) which were developed using the Turbojet Data
Base are shown in Table 17, All of the models shown in

Table 17 were mlgnificant at the o = ,05 level as were the
independent variables,

Table 17
Summary of Turbo]jet EMF Models

Model Number EMF Equation
10 EMP = 11777.726 + 2,968 (MTRST)
11 EMF = 60L15.97761 + 276.16571 (AF)
13 EMF = 3998,4245 + 4,318 (MDRST)
-20990,7223 (AB)
The R2 value for the Turbojet EMF models did not

meet the .80 criterion, Therefore, the use of these models

a8 predictors of turbine engine costs was questicnable,

Turbofan Models. The Turbofan EMF model (Model 12)
which was developed using the Turbofan Deta Bage is shown in
Table 18. The overall model as well as the independent
variables was statistically significant at the ¢ = .05 level.

The RZ value for this model fell slightly short of

meeting the .80 criterion,

Summary. The statistical ana ysis of the EMF models

developed using multiple and simple linear regression was

59
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Table 18 -
i Summary of Turbofan EMF Model '

Model Number EMF Equation

ERC ISR Y

12 EMF = -49743 3)17.7099 (717) R
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performed to determine which of the models were statistically
significant. The desired RZ level and the o level wers
subjectively selected by the researchers so that the

relative statistical strength of the different EMF models
could be determined.

IMF Model Validation

After the statistical analysis was performed, the
EMF models were validated using validation engines 1, 2, 3,
4, and 5. The purpose of the validation was to determine
which EMF models could be used with the Navy MF models to
produce useable cost estimates. A useable cost estimate
was considered to be an estimate within 25 percent of actual

cost (17). The percent was calculated using the following:

Percent of error = Eaﬁéméiﬁgtgg ﬁ°;t5g:2ual cost y 100

To determine the estimated costs of a vallidation
engine, two steps were necessary, PFlrst, engine parameters
were used to calculate an EMF. Next, the resultant EMF was
used In the three Navy models to compute the estimated
cumulative average manufacturing cogt., This estimated cost
was then compared to the actual engine cost usging the
percent of error formula shown above,

Since the dollar amounts for engines 1, 2, 3, 4, and
5 were proposed selling prices, the amounts had to be

converted to manufacturing costs. The cost conversion,

showing the removal of profit and G&A costs, 1s given in
61
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Appendix E. Also the costs for the engine controls and

accessorles were removed from the total engine cost, There-
fore, all costs in the next section are the cumulative !
average manufacturing costs of engines without controls and

accesgories in FY78 dollars,

Analysis of Validation
esults

In analyzing the results of the valldation process,

of primery lmportance was the cost flgure obtained using the
overall MF process, that is, using the parameters for a
particular engine in one of the EMF models and then using
the resultant EMF in the Navy MPF models to arrive at a

TE i

final cost estimate, Vallidation engines 1, 2, 3, 4, and §
were used with 9 of the EMF models previously dlscussed,
Models 2, 7, 8, and 9 were not used because they were
duplications of other models. The resulting EMFs were used
in the three Navy MF models, and the estimated costs were

compared to actual validation engine costs., A summary of

these results i1s shown in Tables 19 through 27.

j Based on the results shown in these tables, EMF
Models 1, 3, 6, and 12 could be eliminated without any

N further analysis because thelr percent of error exceeded

. 25 percent of the actual cost. The models that were somewhat
close to meeting the 25 percent estimating criterion were

EMF Models 4, 10, 11, and 13, Analyzing the results given

;ﬂ in Tables 21, 24, 25, and.Z?. it was noted that there was a

b 62 :
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? : pattern in the percentage of errors for the different engines

Q _ using the 3 Navy MF models. As was done previously with the

. engine thrust was made in an attempt to explain the pattern

y MF validation, a comparison between the percent of error and
i
! that exlsted,

Engines 2, 3, and 4 had a thrust greater than 25,000
pounds. Engine 1 thrust was less than 10,000 pounds but was
very similar to the engines in the data basge. Engine 5
thrust was also less than 10,000 pounds but was very much
smeller than engines in the deta bdase,

Although engine 5 had a pervent of error of 1 using |
EMP Model 4 and Navy MF Model 2, EMF Model 4 was the only J

model where engine 5 obtalned results that were less than !

the 25 percent criterion., Since thlis was the only case
where engine 5 came close to the 25 percent criterion, it
was declded that the cost of engines of the same type as i
engine 5 (very small engines with thrust well below 10,000
pounds) could not be determined using the EMF models.,
BEngine 1, which was consldered tc be a conventional
slze engine with less than 25,000 pounds of thrust, met the
25 percent criterion for EMF Models &4, 10, 11, and 13 using
all 3 Navy models with one exception--EMF Model 4, Navy
Model 2., Therefore, 1t appeared that EMF Models 4, 10, 11,
or 13 could be used with any of the Navy models to estimate
the manufacturing cost of a turbine engine with less than
25,000 pounds of thrust, However, the overall best results

72
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were obtained when these EMF models (Models 4, 10, 11, or
13) were used with Navy MF Models 1 or 3.

For engines 2, 3, and 4, which all had thrusts
greater than 25,000 pounds, the 25 percent criterion wasg met
in most cases using EMF Models 4, 10, and 13 and Navy MF
Model 1, The best overall results for engines 2, 3, and 4
were obtained using EMF Model 4 and Navy MF Model 1.

The analysis of the valldation results of the EMF
models indlcated that some models yielded unuseable cost
estimates while other models had results that met the 25
percent estimating criterion., Based on engilne thrust,
generalizations were made as to what types of engines should
be used with the EMF models and the Navy MF models, It
was suggested that: ‘

1, The EMF models cannot be used for very small
engines (such as engine 5 where the thrust is well below
10,000 pounds).

2, EMF Models 4, 10, 11, or 13 and Navy MF Models 1
or 3 yleld results which meet the 25 percent estimating
ocriterion for conventional size engines with less than
25,000 pounds ¢f thrust.

3. EMP Model 4 in conjunction with Navy MF Model 1
ylelded the best results for engines with thrust greater
than 25,000 pounds,

However, before it could be stated that fth.ese EMF
models can be used to estimate turbine engine costs, the

73
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results of the statistical tests of these EMF Models had to 1

be consldered, Of importance were the statistical signi-

ficance of the overall model, the statistical significance
of the individual regressors, the model R® value, and the {4
posaibility of autocorrelation in the data, As previously ;
discussed, the final EMF models were shown to be significant

as were the individual regressors (Table 14), ! g

Although EMF Models &, 10, 11, and 13 met the 25

percent estimating criterion, it could not be stated with &
i

confidence that these same results would be obtalned with

2

other engines because of the low R® value of these models,

Due to the limited size of the data base, it was belleved

that a R2 of at least .80 was required for the EMF models.
EMF Models 4, 10, 11, and 13 did not meet the .80 oeriterion
Another factor that should be considered when dealing
with regression models is autocorrelation in the data base.
Autocorrelation indicates the presence of a relationship
among the residuals; thus, "with positive autocorrelation,
the second (or some later) observation tends to resemble, or

repeat the first observation, and hence gives little new

" information [291626]." The result of autocorrelation is
By that the estimated regression line is shifted farther from
¥

the true regression line, This shift causes the regression

A constant to be overestimatel and the regressor coefficients ]
3% to be underestimated or vice vorsa, depending on whether the 3
estimate 1s above or below the true regression line, The

i ’
?




amount of error is dependent on how much the independent
variable of the item being estimated varies from the mean
of the independent variable in the data base. The problem
with autocorrelation is not that it blases the estimate,
since an overestimate is as likely as an underestimate,
Rather, the problem 1ls that the estimate may be badly wide
of the target (29:1627).

Autocorrelation in the data was determined by using
the Durbin-Watson statistic, To perform the test, the
independent variable of intersst was ordered, and then the
multiple regresasion subprogram was used to obtain the
Durbin-Watson statistic. This statistlc was compared to
Durbin-Watson critical values obtained from a Durbin-Watson
statistic table (29:1720-721). The computer program used %o
order the data ils given in Figure 9 Appendix D. (See
Appendix D for detalled explanat’on of the Durbin-Watson
test.)

Using the Durbin-Watsoen test, it was determined that
all EMF models except Model 10 were developed using auto-
correlated data.

The exlstence of autocorrelation was important for
two reasons, PFirst, 1t was gtated previously that EMF
Models 4, 10, 11, and 13 ylelded results which met the
25 percent estimating criterion. However since Models 4,
11, and 13 had autocorrelation, these mcdels should not be

usaed as cost estimators, DBecause of autocorrelation, the
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acceptable results obtained using the validation engines
does not guarantee the same results if other engines are
used in the models.

The other EMF models (Models 1, 2, 3, 53, 6, 7, 8, 9,
and 12) yielded cost estimates that did not meet the 25
percent estimating criterion, It was believed that auto-
correlation was the cause of the gross estimates resulting

from these models,

Summary., The analysis of the validation results
indicated that EMF Models 4, 10, 11, and 13 met the 25
percent estimating criterion., The remalning models did not,
However, further statistical analyslis of EMF Models 4, 10,
11, and 13 suggested that Models 4, 11, and 13 should not
be used as cost estimators because of the presence of
autocorrelation. EMF Model 10 met the 25 percent criterion
and was not developed from autocorrelated data, However,
the R% value for Model 10 did not meet the .80 criterion;
therefore, Model 10 should not be used as an estimator,

Based on the foregolng analysis, it wasg concluded
that all of the EMF models were unreliable and should not
be used to estlmate turbine engine costs,

Answers To Research
uestions

Research Question 1., What steps are necessary to

develop and use the Maurer Factor cost estimation model?
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: : A detailed explanation of the steps involved in the i

MF technique is given in Appendix C. ‘ 4

Regearch Question 2, What results can be achleved

concerning turbine engine cost estimation in the early

development stage by using the Maurer Factor cost estimatlion
model?

The Maurer Factor was computed for validation
: engines 1, 6, 7, 8, and 9. The computed MF for these engines
was then used in the three Navy MF models, According to b

expert opinion, the results of parametric cost models are

considered good if the resultant estimate is within 25
3 percent of actual ccet (17). As shown in Table 11 and |
! Figures 4 and 5, this 25 percent criterion was met by

validation engines 1, é, and 9.

Research Question 3. Is the learning curve appli-
cable in turbine engine cost estimation?

It was belleved that the use of learning curve theory
ils essentlal in turbine engine cost estimation. The learning
curve was used to adjust the actual cost of engines to some
basls-~that basls being the cumulative average cost per
engine based on 1500 englnes,

In thelr thesls, Mullineaux and Yanke have stated
that learning curve theory should not be applied to turbine

engine production because of the production lot system that

1s used by engine manufacturers, However, the researchers
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and experts in the turbine engine fileld believe that some
learning does take place regardless of what production
methods are used (7; 17), The manufacturers of the
valldation engines used in this thesis all use some form
of learning curve (17),

In stating that learning curve theory does apply to
turbine engine production, caution must be used when
gelecting an average percent of learning that can be applied
to all engines and all manufacturers. As shown in Appendix
B, where the percent of legrning for different engines was
computed, different engines have dlfferent learning curves.
Also, ag shown in Table §, different engine manufacturers
use different curves,

In summary, the cost analyst using lsarning ourve
theory as part of the cost estimatlon process, must be able
to determine which learning curve ls approprlate for a

particular manufacturer and a particular engine.

Research Question 4, How can the learning curve bve

incorporated with the Maurer Factor technique?

In this study, learning curve computations were used
to adjust all engine costs to the cumulative average cost
of 1500 engines. This ls the main application of learning
curve theory in conjunction with the MP technique (7).

Using the Navy MF models, the estimated cost

obtalned is the cumulative average cost of an engine based

on production of 1500 engines, Using a learning curve, this




%
!
& cost can be adjusted to the engine cost based on any desired
ﬂ; cumulative number of engines. The cost can also be adjusted
ﬁ? to the unit cost of an engine based on any nth unit of that
?? engine produced, However, before any of these cost
~§ adjustments can be made, the percent of learning for the
4
ﬁ% particular manufacturer must be known (7).
3 Research Hypothesis
,ﬁ‘ A model based on engine rerformance parametars can
:% i be developed whioh will estimate the Maurer Factor,
i ] Several EMF models were developed, and all were
k. ! .
. g ghown to be statistically significant, Although several of -
B |
& ! the EMF models met the 25 percent criterion, it was shown |
i1 | 2
’ﬁ: ! that these models should not be used as turbine engine cost b
.§ | estimators because of the Low model R® and autocorrelaticn, f
i? 2 Therefore with the available data, it was determined that ;
ZE a useable EMF model could not be developed. i
. J';' : {
_ | i
; i
|:;’"' | )
.'.,
1
-
' v" ;
R
".) \E‘\
S 79
»rr-&
"
1

= cama mmrmmao—
e e At ALt 1A -84 08 P, S D8 A 4 AT, & Tt SO O PRI - WA S S0 4004 s !




e e wr ¢

P

Chapter §
CONCLUSIONS AND RECOMMENDATIONS

Qverview

As stated in Chapter 1, a cost estimating model is
needed which can be used to estimate the cost of a turbine
engine early in its development stage. This chapter contains
the conclusions related to the analysis of one such technique
discugsed in previous chapters--the Maurer Factor (MF) cost
estimating technique,

One objective of this thesis was to analyze the MF
cost estimating technique., The analysis inoluded:

1, A look at what steps were necesgary to use the
MF cost egtimating technique.

2. What results could be obtained using the MF
technique,

3. Some of the problems encountered using the MF
technique,
The conclusions in this chapter are based on the analysis
and on some of the problems encountered in attempting to use
the MF technique,

Another area of research was devoted to developing
a regression model that could be used to estimate the Maurer

Factor, Thils estimated Maurer Factor (EMF) could be used

in conjunction with the Navy MF models to estimate the cost
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of a turbine engine., The cunclusions for this portion of
the research are based on the statistical analysis and the
validation results of the EMF models,

Finally, based on the findings concerning the MF

technique, some recommendations are presented,

Conclusions

Maurer Factor techhique. In analyzing the MF
technigue, the steps required to use the technique, the
resgults obtalned using the technique, and the problems
encountered using the technigue were considered. The
following results were obtained,

To use the MF technique, the MF for a particular
engine was calculated., Thls process included tasks ranging
from breaking down an engine into its individual components
to determining the gross weight of the individual components,
A step-by-step preocedure explaining thls process is given in
Appendix C,

After it was determined that the MF for an engine
could be calculated, the cost estimating results using the
three Navy MF models (Table 10) were evaluated, The model
was considered to be useable 1f the cost estimate was
within 25 percent of the actual engine cost (17). To keep
the valldation of the MF technique unblased, validation

engines were selected which had not been used in developing

the Navy MF cost models, The MF for the validation engines
81
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was calculated and used with the three Navy MF models. The

R O

results showed that the 25 percent estimating criterion

could be met, depending on which engine wag used with a

SR S

particular Navy model, Based on the validati. ' results

Limaiite

(Table 11), it was concluded that the MF technigue could be

used and would yield cost estimates that met the 25 percent

Coe el

= e PR

estimating criterion. Also, baged on the validation results,
it was conecluded that engines with a maximum thrust of less
than 10,000 pounds obtained the overall best results using
Navy MF Model 3 (Table 10). For engines with a thrust value 1
greater than 10,000 pounds, Navy MF Model 2 achleved the :
best results, Although the estimating criterion was met
using the valldation engines, it should be noted that the
MF validatlion process was based on a limited number of
valldation engines,
Several problems were encountered during the
validation of the MF cost estimating technigue, These
problems included a lack of data required to calculate the
MF and the questionable currency of the MF welghting factors
(Table 5)., The following ig a discussion of these problems,
A small number of valldation engines was used
because the data required to compute the MF for an engine
wag not avallable, To calculate the MF, the gross weight
and type of material of each englne component must be known.
The information is contained in the DD Form 346 which should .
be supplied by the engine manufacturers. However, the form ;
82
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has not been supplied in most insta: es, and as a result, it f
was lmpossible to calculate the MF.

Another problem in obtaining the weight information 1
cccurred even when the manufacturers did supply the 1
informaticn, Many times manufacturers did not know the "@
actual gross welght of a component before machining, When ?
this occurred, the manufacturers had to estimate the grosas : f}
welght. PFor valldation engine 1, the manufacturer supplied E
the data required to calculate the MF, and several of the k
component weights were estimated,

Another problem was encountered with the MF o
welghting factors. The welghting factors are used to |
introduce a difficulty of machinability factor into the MF 'a
calculation. The difficulty factor is based on the g
hardness of different materials. What is not taken into . g
conslderation in the weighting factors 1s the drastic ‘3
increase in the prices of some materials (7)., Although P
price increases due to Inflatlonary pressures were 1
compensated for by using price index adjustments (Appendix 4), ?
the price increase for some materlals is much greater than
current inflation rates, As a result, the accuracy of the I

MF technique will probably be affected in the future if

some method is not found to compensate for rapldly rising

0 materials prices,

Estimated Maurer Factor models. As discussed

throughout this thesls, it was difficult to obtaln the data
1 &3 |
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necessgsary to calculate the MF. The gross weights of the
individual engine components were often not available

because the manufacturer had not provided them, Another

'7'2‘“‘;.“";:"‘“"’ i

reason that the data may not be available is because the f

O

iE

engine is in a stage of development where specific details

about engine components are not known. However, since the
MPF cost estimating technique did meet the 25 percent
estimating criterion as shown in Chapter 4, it was decided

to develop a regression medel that would estimate the MF,

i Faen il e ST L IR 2

This estimated Maurer Factor (EMF) could then be used with

the Navy MF models to estimate the cost of a turbine engine.

The followlng conclusions were based on the

statigtical analysis and vallidation of the EMF models,
1. A high R% value does not always indicate the

= e b

predlctive capabllity of a model. Several of the initially f

developed EMF models had an R2 value greater than ,90,

i However, further analysis indlcated that many of the

independent variables were insignificant. These variables

: did nothing for the overall model except increase the R2

1 value by insignificant amounts. Validation attempts using

these inltial models resulted in gross estimating errors

because of the inclusion of the insignificant variables,
When the insignificant variables in the initial

2

EMF models were removed, the R® values dropped. However,

model vallidation showed that several of these final models

with low R® values in the range of .25 to .65 achleved the

8l
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best estimating results. (See Table 14 and Tables 21, 24,
25, and 27.) Therefore, the R2 value alone should not be
used to analyze the predictive capability of a model.

2, The data used to develop a mocdel should be tested
for autocorrelation, When several of the EMF models
achieved large estimating errors in the validation process,
the data was tested for autocorrelation, The ftest results
indicated that autecorrelated data had been used to develop
all but one of the EMPF models. Therefore, some of the models
which achieved acceptable results in the vallidaticn process
could not be used with any reasonable level of confidence,

3., Of the 13 EMF models developed, Model 10 waé the
only model that was vold of autocorrelation problems and
stlll met the 25 percent estimating criterion., It was
concluded that EMF Model 10 should be used in conjunction
with Navy MF Models 1 or 3 when estimating the costs of
engines with less than 25,000 pounds of thrust., For engines
with more than 25,000 pounds of thrust, EMF Model 10 should
be used in conjunctlion with Navy Model 1. For very small
engines, the EMF models should not be used.

b, Although EMF Model 10 met the 25 percent
estimating criterion, confidence in 1ts predictive capability

2

was limited because of lts low R® value, If the model had

been developed using a larger data base, a low R2

value would
be more acceptable, Also, confidence in EMF Model 10s
predictive capabllity was limited because of the small

number of engines used in the validation process.

85

PRI T R PNID SR LRI

—r S5

e T D i % e St e S T s ok P 2 e R




Recommendations

The recommendations are based on the results of _
analyzing the velidation of the Maurer Factor cost estimating E'
technique., As previously mentioned, one problem encountered ;
in valldating the MF technique was lack of data necessary ?
to compute the MF. Therefore, it is recommendad that the

DD Form 346 be mandatory for engine contr.cts, This form

e L e

would enable cost analysts to obtain the gross weights of

engine components which are required to compute the MF,
Another problem mentioned was the repldly increasing

prices of raw materials used to bulld turbine englnes. As

a possible area for future study, it is recommended that

an attempt be made to include a factor in the MF cost

estimating process which will compensate for rapidly

increasing prices,

Pinally, it lg recommended that an effort be

directed toward increasing the size of the data base used -

to develop EMF Model 10, The enlargement of the data base
should include more modern, advanced technology engines,

Coples of the data bases used in this thesls may be obtained

o o iR

N from the authors or from Richard McNally, AFAPL/TBP, !
- : Wright-Patterson AFB, Ohlo.

In conjunction with increasing the data bage slze, -

o A it is recommended that further validation »f EMF Model 10

,&;" should be accomplished. It lg bellsved that 1f increased

Qfﬁ confidence in EMF Model 10 could be developed, the effort 3
86
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é would be beneficial., The research indicated that the Maurer %
g Factor technique 1s a feasible technique which can meet the 4
3% ? 25 percent estimating criterion, but the data required to 3%
;% i calculate the MF is not always avallable, Therefore, a ?
3; medel which could be confidently used to estimate the MF 'x
i% would make the use of the Maurer Factor cost estimating :
%g- technique more applicable. 1
fE In view of increasing defense costs and the 1
f% decreasing buying power of the defense dollar, effective |
'ﬁ cost estimating techniques are an important part of defense e
'E= planning and declslon making, It has been the objective ;
g of this thesls to contribute in some way to improving cost ?
1 estimating techniques, b
0, 3
B i
i
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INDEX NUMBERS
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Index numbers were used in the analysis for the ]
purpose of comparing the proposed cost of an engine with
the cost of similar engines rrocured in past years. Fiscal §
Year 78 dollars were used in the calculations, therefore all ‘
procurement costs were converted from their original FY
dollars using a pricing index number (26:13)., fThe number
indicates price changes over a period of time and enables
the price comparison using a common base, FY78. The

following formula was used for the dollar conversion,

Cost (original year
Cost (original year) . pypg dollars

The index used was taken from AFR 173-10, Vol 1 (C6)

attachment 49, 2 May 1977, and follows:
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Table 28

Index Numbers

Fiscal Year Procurement (Index)

1960 488
961
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As stated in Chapter 2,

« + «+ the basis of learning-curve theory is that
each time the total quantity of ltems produced doubles,
the cost per ltem is rsduced to a constant percentage
of its previous cost [2:193].

Learning curve theory may be expressed mathematically as

Y = axB, The equation, Y = AXB, represents a curve which

belongs to the family of curves known as the inverse

variation curves (4:11), Inverse varlation means that as

the independent variable (X) gets larger the dependent

variable (Y) gets smaller. Also, Y decreases very rapldly

for unit changes in X when X is small, but rate of decrease

of ¥ is much slower for changes in X when X is large (4:11),
In the equation Y = AX®

Cost per unit

Cost of the first unit produced

the unit number

log b/log 2 .

percent of learning (90% learning curve(? 39%%

152

It is customary to represent the cost of the unit

Lo glv e B3 F S
nuunnn

(Y) in terms of direct labor man~hours. Man-~-hours are
normally used rather than dollar cost in order to eliminate
an additional variable, the effect of inflation or

deflation (wage-rate changes) (25155), However, for this
thesis dollar costs were used bécause the researchers were
unable to obtain data on the direct labor man-hours required

to produce turbine engines,
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To compensate for the effect of inflation on turbine
engine costs, all costs used in the learning curve compu-
tations for this thesis were adjusted to base year 1978
dollars., (See Appendix A for dliscussion on the use of price
index numbers.)

There are two learning curve cost models. Cne model,
called the "unit curve" or "Boelng" theory was validated dy
the Stanford Research Institute study (25:50). The unit
curve model expresses cost as unit cost., The other learning
curve model is the "Northrop" model, which bases cost on
the cumulative average cost per unit (24).

In this thesis, cumulative average l;arning curve
theory was used to compute the cumulative average cost of
the validation engines.

Since the Navy's MF cost estimation models were
baged on the average cost of 1500 englnes, the costs of the
validation engines used in this thesis were adjusted to the
cumulative average cost per unit of 1500 engines.

The following 1s a discussion of how the cumulative
average cost of an engine based on the cumulative average
cost of 1500 englnes was determined. The percent of learning
for a particular engine had to be determined. The Gray
Book was used to determine (1) in what year a certain engine
was produced, (2) the numbers of that englne produced in a

year, and (3) the average cost of the engines in a

93
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production run. Due to some reporting inconsistencies in
the Gray Book, some approximations were necessary regarding
the numbers of & particular engine produced in a year,

To compute the learning curve for an engine, at
least two data points were required, that is, two different
production runs for the same engine, All of the costs
obtained for production runs were the selling price to the
military adjusted to FY78 dollars.

The following is an example of the computations

used to compute the percent of learning for a particular

engine.

Production Quantity Cumulative Average 1978 Average

Year Produced _ Quantity Cost/Unit Cost/Unit
1662 831 831 $169,400 $34k4, 309
1964 1190 2021 $147,800 $298, 586

CAC o QTY x Cost/Unit + QTY x Cost/Unit
cum units Cumulative Quantity

where
CAC = Cumulative Average Cost
QTY = Quantity

_ B31(344,309) + 1190(298,586
CACz0p1 = ETm‘d—lo

CAC,5p¢ = $317,387/Unit
The results of the computations shown above are tabulated in

the following table.
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Table 29

’ Cumulative Cost Summary
\
|

Cumulative Quantity Cumulative Average Cost
831 $344,309
1 2021 : $317,387

The figures in the above table were then used to compute

the percent of learning for a particular engine. The

e em G EE i hged fes i L e S ST R Ll SR R oL
. AR R =H b e i -l g

equation
2, = ak)B

ﬁw whers k
g 7, = Cumulative average cost per unit based on X i
g unite 7
% A = Cumulative average cost per unit of X units w
f K = Some known production unit é

X = Total cumulative units produced %

B = log b/log 2 f

b = percent learning curve
ii was used (17).

The objective of the following computations was to
determine b. Since all variables in the equation Yx = A(%E)B

were known except B, the first step was to solve for B,
_ a(%\B

- 2021 = Alg)

X From Table 29

' $317,387 = $344,309 (2515

2021 4B _ $317,38
(=g5p)” = 459

B L L L S A




(2.432)B = (0.9218)

log(2.432)8 = 10g(0.9218)

B log(2.432) = log(0.9218)
log(0,9218

B = Iogé2.3325

B = -,0916

The equation B = log b/log 2 was then used to find
the percent of learning (b).

B = lob b/log 2 ‘

logb = B log 2

T R T, L e R Y TS O T S T
e

log b = -,0916 log 2

log b = -,0276
-b = 10-.02?6

b = .938 o
i b = 94#% learning curve

Thus, using two cost data points from the Gray Book,
an approximate percent of learning of 94% for a particular ¢
engine was computed. !

After the learning curve for a particular sngine was |
| determined, the cumulative average cost of an engine based %
4 on some constant number of engines produced could be t
calculated. This could be done regardless of the total E

; : number of engines of a particular type produced. As

g previously mentioned, all cost data were adjusted to a
| cumulative average cost based on 1500 engines. The following

computations 1llustrate how the adjustment was accomplished,




% = ax®
3
where

¥ = Cumulative average cost/unit of first production
run

A = Cost of first unit
X = Number of units
B = log b/log 2 K
From Table 29 ]
2ayq = $344,309 3
X = 831 ?i
b = .9l ¥
B = log .94/log 2 ]
B = -,089 k.
Solve for A

g3 = ax® | :
#344,309 = A(831)" 089 1
A = 2EH999 - 089
A = $626,315
To find the cumulative average cost based on 1500 engines,
Y 500 = AX
% = $626,315(1500)+ 089
? = $326,679 (FY78 dollars)
The computations shown were used on validation
englnes 6, 7, 8, and 9,
Por validation engines 1, 2, 3, 4, and 5, the
manufacturers' recommended percent of learning was used to

adjust the engine costs to cumulative average costs.
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method of computing the cumulative average cost of engines
1, 2, 3, 4, and 5 varied for the different engines; there-
fore a brief explanation of the computation for each engine
is given, §Since the calculations for engine 1L were the most

complex, this procedure is discussed first,

The standard method used to compute cumulative
0 average cos8t per engine based on a cumulative average cost
of 1500 engines was shown in the first part of this appendix.

However, another method had fto be used %o compute the

i cumulative average cost for validation engine 1.

The proposed actual cost to the Air Force of a new
advanced engine was obtained through the Propulsion Branch

AFAPL. Thls engine was used as one of the validation

engines for the different cost estimation models in thils

thesls., The cost was known for the total engine and was

P S RO

also broken down into the cost of the basic engine and the

engine accessories, The prcposed actual cost was based on

the cumulative average cost per unit of the flrst 50 engines
produced (17).

g To make & valld comparison of validation engine
| actual cost to validation engine estimated cost using the

various MF cost estimating models, the proposed actual cost

e AL LT e G, oo

of the valldation engine had to be adjusted to the

cumulatlve average cost per englne based on 1500 engines,

The mnanufacturer producing the validation engine

believed that the cumulative learning curve behaves somewhat

98
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differently than the Northrop learning curve. The manu-
i ! facturer produced engines in lots of 50. They believed
that cumulative average costs should be computed for each

production lot of 50 engines, and thils computation must be

¢ performed for each lot of 50 engines until the cumulative

i_ quantity of engines equals the desired cumulative basis of
K 1500 engines, However, the cumulative average cost per

g engine for the first 50 engines remains in the egquation for

all computations, The total cost for each lot was computed

based on the cumulative average cost for each lot, and the
gsummation of the computations was divided by 1500 to obtain

! the cumulative average cost per engine,

The equation ix = A(%{:)B was used for the computations

where

§x = cumulative average cost per unit based on X ,S
units \

A = known average cost of first production lot of 350 I
engines

X = cumulative quantity of engines (50 unit 4
increments)

. K = number of engines per production lot (K = 50)

e S A He et A Btk s o —rn Do B R ek

B = log b/log 2 (Manufacturer uses 90% lear?%?§)
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Table 30

Cumulative Cost Computation
of Valldation Engine 1

Lot Cumulative Average
Quantity ~ Cost
50 50 (known) $526,000
50 100 '
50 150 .
50 1500 .

L e

From Table 30, the followlng calculations were
performed, _
7, = AP
B = log .9/log 2
B =«,152
Fgo = 526.000(%%)"152
7 = 526,000(L)
550 = 526,000
Total cost for production lot (Tc)l = 526,000 X 50
TC, = $26,300,000
7 526,000(1432)7 152
526,000(.5963)

= $313,663

et <1<
[ | o [ nd
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cho 313,663 X 50
TCBO = $15,683,15L
Using the same computations as shown above, the cumulative

average cost based on 1500 engines can be found by ueing the

equation
- p 0
Y1500 = T305,%, ™1

The calculations just shown were accomplished by
computer using the program shown in PFigure 6. The program
was designed to compute the cumulative average cost per unit
based on 1500 engines. The program can be used to determine:

1. the cost of the total engine (basic + controls)

2, the cost of the basic engine

3. the cost of the controls,

The standard learning curve computatlions discussed
earlier were used to aocomplish the cumulative average cost
adjustment for validation engines 2, 3, and 4, However,
engine 5 required a slight variation of the standard
learning curve computation.

For valldation engine 5, the manufacturer used two
different percents of learning. The engine cost was
separated intoc a basic cost and two different types of
labor cost., The following computations were used to

compute the cumulative average cost of engine 5.

21500 = Baslc Cost + Al(X)Bi + Az(X)Bz

where
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6024C

#634C THIS PROGRAM WILL COMPUTE THE CUNULATIVE AVERAGE COST OF 1344

] #44C ENGINES USING THE CUNULATIVE AVERAGE COST OF THE FIRST 5# ENGINES.
& #436C THE DATA USED IN THIS PROCRAM WAS OBTAINED FROM THE COMPANY

$A4HC WANUFACTURING OUR VALIDATION ENGINE.

HK

#484C THE NETROD USED IR THIS PROGRAM TO CONPUTE THE CUMULATIVE

1 ' #94C AVERACE COST I3 THE TECHNIQUE USED BY THE VALIDATION ENGINE
i #164C NANUFACTURER IN THEIR APPLICATION OF LEARNING CURVE THEORY

TopEnE T v

g e

& , ::z:g A 992 LEARNING CLURVE 18 USED N THIS PROGRAN

- 3

3 . ::4:2 LIST OF YARIABLES

3

b #L44C A = KNOUN AVERAGE 0ST OF FIRST PRODUCTION LOY OF 59 ENGINES
#176 X = CURULATIVE # OF UNITS PRODUCED BASED ON 56 UNIT LOTS

‘ #1800 1 « CUNULATIVE AVERAGE COST FOR A PARTICULAR PRODUCTION LOT
h . #1940 O 50 ENCINES USING 98 LEARNING CURVE

i . 264C YCOST = TOTAL COST OF A PARTICULAR LOT OF 3¢ ENGINES

. 216C TOTCOST = SUMMATION OF TOTAL COST FOR EACH PRODUCTION LOT
o lg:g CUNAVG = CUMULATIVE AVERAGE COST QF 138 ENGINES

! i

#2480 PRINTy“ENTER CUM AVG PRICE OF UNIT BASED ON FIRST %4 UNITS®
: -~ #24 READ'A

{ : #206C INITIALIZE VARIABLES

q TRy

i f2ed Y4

3 0290 TOYCOSTsd

: 0304 YCOST0

0318  CUNAVG4

#320C CONPUTE CUNM AVG COST FOR ONE ENGINE (F %6 UNIT LOT

1330 19 11450,

1348 T=An{{Y/36,)8%(-,152))

#334C CONPUTE COBT OF 3@ UNIT LOT

$360 TCOBT=Y436

#378  TOTCOSTaTOTCOST+YCOST

#386 IF(X.LT.1568) GO TO 19

#394C CONPUTE CUN AVG COST OF 1548 ENCINES

#4684  CUNAVGaTOTCOST/X

S48 PRINT 208, XoCUNANG

§A20 260 FORMAT(8X+F7.2:5XvF10.3)

438 STOP

fdg END

T I L - S SR St S SO e ene e

Figure 6

o e SRR 2 R iAo e,

CUMAVG Computer Program
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#4536 49 CONTINUE
0440 1000 FORNAT(YI

"7 e FORHGT(Z!!IvaXo141Zivl4v2!vl!tl!th.Z!Z!tFl.ZlZ!vlllZ!v
$4808 FO. 22N 10)

#499 $T0P o
4540 EXD

Pigure 6 (continued)
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YISOO = cumulative average cost/unit based on 1500
engines

labor cost of first engine

5
=Y
|

labor cost of first engine
log by/log 2
bi = percent of learning for different labor types

=
N
n

o
[ et
i

X = nunber of engines
by = .90

b, = .85

By = log ,90/log 2

Bl = ".152

B, = log .85/1log 2

By = -.234

91500 = 71,293 + 262,092(1500)~ %52 4 55.416(1500)"23“
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The following is a step-by-step explanation of the
procedure used to estimate the cost of validation engine 1
using the MF teochnique. The steps include engine component
breakdown, materials classification, MP calculations, and

determination of the final estimated cost.

Component Breakdown

Each individual component in the vallidation engine
was identified, and the gross weight of the material used
to make the component was determined. The component data
are available on the DD Form 346s (Table 7) supplied by
engine contractors, The component data for the 'validation

engine were supplied by the engine manufacturer (Table 31).

Materisl Indexing

Using the Aerospace Material Specification (AMS)
index, an AMS number was assigned to each material type
(13:1-31).

MF Classification
The materials were classified using the seven MF
categories (Table 32). The classification was accomplished
by using the AMS conversion table shown in Table 33 and the
data are shown in Table 34, The purpose of the MF
categorization was to enable assignment of ths MF weighting
factor (fi)'
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: E 1
: 1 A
: Table 31 b
4 | Maurer Factor Computation Table ‘ﬁ
: (validation Engine 1) 3
Part Gross Wt Alloy Name MF Ratio b
; (1bs) Category®  (Gross Wt/ i
Finish Wt) E
% 1 55.3  Titanium T 1.7 ‘ﬁ
iy 2 65.4  Titanium T 1.7 E
b 3 0,8  Aluminum Conv 1.2 3
i n 61.8  W43ko Conv 3.6 ]
5 14,0 Aluminum Conv 2.3 :
6 19,4  Aluminum Conv 2.3 &
L 7 4,8 Titanium T 1.4 B
2 8 23.2  M50,4koc Conv 4,0 ;
L 9 26,4 M50 Conv 4.0 ?
E. 10 72,8  Titanium T 2.0 f
b 11 9.7  AMS6265 Conv 3.5 ;
g 12 8.3 4340, M50 Conv 4,0 k
4 13 1.9 347 Conv 2.3 |
1 14 2.9 4340 Conv - ;
b ; 15 6.0 Titanium T 1.2 ;
. t 16 1.6 Aluminum Conv 1.2 §
3 ' 17 16,3  Inconel 718 c 1.k ;
‘% 18 67.7  Inconel 718 ¢ 2.3 !
'& 19 9.4 Inconel 718 c 2.3 |
R Hastoloy X ]
a 20 15.5  Titanium T 1.4 i
[ 21 51.5  Inconel 718 ¢ 1.4 ;
e 22 18,0  HS 188 c 1.1 §
- 23 8.2  HS 188 c 1.4 g
L 2k 75,2  HS 188 c 3.2 ;
i 25 43.0  ZInconel 718 ¢ 3.3 *
;*gg 26 38.5 Titanium T 7.0
E 107
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Table 31 (contirnued)

Part Gross Wt Alloy Name MF Ratlo
(1lbs) Category®  (Gross Wt/
Pinish Wt)
27 171}0 Titanium T 2.5
28 25.4 Inconel 718 o 6.5
29 149.6 Mar 247, Rene 95 D 1,7
30 15.9 Waspoloy, ¢ 6.5
Inoconel 718
31 13.4 M50 Conv b,o
32 17.6 Inconel 718 ¢ 5.9
33 57.8 Inconel 718 c 8,4
34 24,4 Waspoloy D 2.3
35 13.7 Nickel, Waspoloy D 3.3
36 11.0 HS25 c 2.3
37 28.3 Inconel 713LC c 2.3
38 6.0 Inconel 718 c 1.2
39 48,9 Hastoloy X c 1.7
Lo 12.1 Inconel 6235 c 1.7
L1 139.7 Inconel 713LC D 1.7
Waspoloy
L2 98.8 Waspoloy D 8.0
L3 36.6 Inconel 625 c 7.0
Ly 22.5 Inconel 718, M50 C L,o
bs 63.1 4340 Conv 5,7
Lé 26,6 Hast X B L.oL
L7 22.5 Inconel 718, M50 G L,o
48 29.6 Hast X B 1.4
L9 5.3 Titanium T 1.2
50 7.6 Titanium T 1.2
51 25.6 Hast X B 1.2
52 25.3 Hast X B 1.2
53 7.7 Titanium T 1.2

L A




Table 31 (continued)

Part Gross Wt Alloy Name MF o Ratio
(1bs) Category (Gross Wt/
Finish W%t)

54 50.2 Hast X B 5
55 12,0 Aluminum A357 Conv

56 2,4 Titanium T

57 0.7 Inconel 718 C C

o

[ gl O Y N ]
r & o

il
¥
1
K
8]

Parts 58 thru 88 were engine accessories and were not
included as part of the Maurer Factor conputation.

e

s iR AR I

85ee Table 32 for MF category symbology.
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é Table 32

%_ Material Classification and ;
i Welghting Factors (18:199) ‘
J!‘-.

i

b Material Percentage of Welghting

- Classification Nickel + Cobalt Factor

& “ Conventional 0-24 1.00
A 25Uk 6.65
| Titanium (T) - 10,50
. B 45-59 13.95
c 60-69 24,00
D 70 29.75
E >70 Lo.00

e e e it ity e .
e T e :

110
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Table 33

Aerospece Materlal Specification (AMS)
Conversion Table

ISP IR SR P

AMS Classification AMS Classification
3004-4893 Conv 5554 A
4900-4966 T 5556~5566 Conv
4969-4973 T 5568 A
5000-5019 Conv 5570-5577 GConv
5020 T 5579-5580 A
5021 =5341 Conv 5582 B
93425344 A 5585 B
5345-5353 Conv 5587 B
5354=5355 A 5589-5591 C
5358-5359 conv 5596 c
5362 Conv 5597 A
5363 A 559Z ¢
8365=-5366 Conv 560 A
5368~5369 A 5610 Conv
5370~5372 Conv 5612-5613 Conv
5373 ¢ 5616 A
5376 B 5620~ 5621 Conv
5380 c 5623 Gonv
£382-68383 C 562 A
3384 D 5625 Conv
3385 ¢ 56275628 Conv
§387-5390 B 5630~-5632 Conv
5391 c 5636-5637 Conv
5395 Conv 5639-56 2 conv
5396 B 5643= 5644 A
5397 C 564.5- 5651 Conv
5398 A 5655 Conv
5504~ 5505 Conv 5656~ 5657 A
5508 A 5660~ 5661 B
5510=5519 Conv 5662~5663 ¢
5520 A 5664 o
8521 -5524 Conv 5663 A
5525-5529 A 5666~ 5668 B
5530-5532 B 5669-5671 B
5536 B 5673 A
5537 c 5675 A
5540 A 5679 B
55U1-5542 B 5680~ 5681 Conv
5543 A 5683 A
5540. 5545 D 5685 Conv
5547-5549 A 5687 A
5550 B 5688~ 5691 Conv
5551 c 5694-~5695 Conv
5552 A 5697 Conv

111




Table 33 (continued)

AMS Classification AMS Classification
5698~ 5699 B 5798-5799 B
5707 D 5804-5805 A
5708 Conv 581 2B A
5709 D 5813B A
5712-5713 D 5817 A
5720-5725 A 5821 Conv
5727=5729 A 5825-5827 A
5731=5737 A 5832 C
5738 conv 6242 Conv
8741-5745 A 6250 Conv
5746 B 6260-6550 Conv
8780 3 7210-7211 Conv
5751 D 7222-7225 Conv
5753 D 7228-7229 Conv
575 B 7232 A
5755 3 7233 Conv
8756-5757 c 7235 A
5759 c 7237 B
5768-5769 B 7240 Conv
5774=5775 A 7245 Conv
8776=58777 Conv 7278-7279 Conv
5778=5779 B 7304 Conv
5780~ 5781 A 7310-7312 Conv
5786-5787 B 7320 Conv
5794, B 7322 Conv
5795B -} 7325 Conv
5796 ¢

(18:101-102)
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Table 34

f Material Names By Classiflcatlon

R

‘ Conventional (weighting factor = 1,0--Nickel = 0-24%)
T
: 1 5- SPH AISI 8735-40
i 17-22A BSFS5
. 301-306 Bliiz
10, 316-321, 347 Chromology
03, 405, L10 Déac
L16, 420, 431, &4boO M50
1010 Carbon Steel Magnesium Thorium
1074, 1095 Nitrally N135
4130-4140 S Monel 3
4340 Wrought U140, LE4P 4
Leho Wrought Alloy Steel 4
8630 Vascojet 1000 .|
9310 4
ﬁ%
A (welghting factor = 6,65--Nickel + Cobalt = 25-44%) i
A
13-7 PH AM 3%5 %
17-4 PH Greek Ascoloy i
17-7 PH Lapelloy A
A286 Maraging Steel (18 Ni) §
AM3 50 V57 i

B (welghting factor

i

13.95-=Ni + Co = 45-599)

NSRS L

D-979 Inconel 706, 901, W
Hastelloy B, C, N, X Mar MZU-?

Hastelloy W, R235 N-155

Incoloy T

S~ 590
Inconel 600, 601, 617 Stellite 6 (HS-6)
Inconel 700, 702, 750

P PP RIS

¢ (welghting factor = 24,0-=Ni + Co = 60-69%)

Hasgtelloy S J-1570 & 1650

HS21, (XLo) HS31 M=252

HS25 (L605) M509

HS188 MAR M246, M302
113
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Table 34 (continued)

C (weighting factor = 24,0--Ni + Co = 60-69%)

¥§ Inconel 100, 102 Tube 8816 T
i Inconel 625, 713, 718 sStellite 31

b - Inconel 722W, 738 V36
Inconel 792, 903, X WI 152

=

A -

L D (weighting factor = 29,75--Ni + Co = 70%) A

i Astroloy U500 I
}$ Rene 41, 63, 77 U700 3
= Rene 80, 85, 985 Waspoloy 1
B Rene 100, 120, 125 :

E (welghting factor = U40,0--NL + Co >70%)

g . TD Ni D NiCr )
R ~

A T (welghting factor = 10,5--Titanium)

. e
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MF Calculations
The MF calculation was accomplished by summing the | .;,

product of the engine component gross weight and its MF ; %?
weighting factor, . : %?
BIRFERC

where L ls the gross weight of the component before . ?
machining and f; is the MF welghting factor (Table 32), %ﬁ
The calculations in Table 35 were accomplished using I i;

the data in Table 31,

Table 35

Maurer Factor Calculation

MP Gross Wt MF Welghtling
Category (in 1lbs) Factor

Conv 258.5 X 1 a 258,53
A 0 X 6.65 = 0

B 249.7 X 13.95 = 3935.62
c 572.1 X 24,0 = 13730.40
D 426,2 X 29.5 = 12572.90
E 0 X 4o.o = 0

T L52.3 X 10.5 = _4749.15

MF = 35246, 57

Final Estimated Cost
The CER of MF to englne cost was used to determine

the estimated engine cost. For this report the followlng
115




@ cost estimating models developed by the Navy were used,
| Model 11 CAMC = 4,453 (MF) + 3582
Model 21 CAMC = 1,875 (MF) + 48296
Model 31 CAMC = 1,669 (MF) + 73889
. The MF calculated in Table 35 was used in Navy

Models 1, 2, and 3 in an attempt to validate the MF

technique. Using the calculated MF of 35246,57, the

RTINS e L S T

following results were obtained: L

Xatselntes

ﬁ, Model 1 CAMC = $160,535 | #
5@ Model 2 CAMC = $114,383 .
13 Model 3 CAMC = $132,716 3'?

5 Before the estimated costs obtalned from Models 1, )

) 2, and 3 could be compared to the actual cost of the

validation engine, several adjustments had to be made, 'é

e i

First, the Navy models were based on manufacturing
costs, 8o the profit and general and administrative (G&A)

expenses included in the actual cost of the vallidation

ot e e Bamian A LA

engine had to be removed, The manufacturer of the

P

validatlion engine used a ten percent profit rate and a six

percent G&A rate for the validation engine (17), fThe

TNy

following computations were used to accompllish the profit

and G&A adjustment:

Total Englne Cost $524,947,10
Less Accessory Cost _100,5371.4
Basic Engine Cost ) '

1CAMC repressnts the cumulative average manufacturing
cost based on 1500 engines in FY65 dollars.

116
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Remove Profit and G&A
Total Engine Cost Englne Less Accessory Accessory Cost

1,10 X = $524947,10 1,10 X = $424375,67 L1.10 X = $100571,43

1 2= $U77224, 64 X%= $385796.06 X2= $91428, 57
: 1,06 Y = $477224,64 1,06 ¥ = 3385796,06 1,06 Y = $91428,57
Y= $450211,92 v3= $363958. 55 Y= $86253.37

As discussed in Appendix B, the actual cost of the

validation engine was based on the average cost of the

first %0 engines produced; therefore, the validation g
e englne's actual cost had to he adjusted to the cumulative
average cost per unlt based on 1500 englnes, This
adjustment was accomplished using the computer program

b CUMAVG shown in Figure 6, Appendix B.

Finally, all cost figures had to be adjusted to a

common base year, For this report, FY78 was the base year

(Appendix A).

s b e

e AT TR TRz e IEE S

2X represents cost wlth profit remocved,

3Y represents baslic cost with profit and G&A removed,
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APPENDIX D
REGRESSION ANALYSIS
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3 The main thrust of the analysis is to evaluate and

measure the dependence of & varlable on a set of independent

b ‘ variables, Within this thesls a dependent variable MF is ;;
é. regressed on independent variables, such as air flow (AF), %:§
ﬁ. maximum specific fusl consumption (MSFC), and afterburner ﬁ;
_ﬁ (AB), Thus, a meaningful relationship of the dependent !
g; variable to independent variables will hopefully exist, !,f

enabling the prediction of turbine engine cost. }'ﬁ
The dependent variable ls plotted on the Y axis and .
ﬁ the independent variables are plotted on the X axls. As

yor.
e

depicted in Flgure 1 the regression line is of the form

R where 3
ﬁ' Y = Estimated Maurer Factor 1
ﬁ o = the constant added in each case i
4 B = the constant coefflcient by which the value of 4
3 the independent variables ls multiplied A
3 (regression coefficlent) ;
4% X = the independent variables (turbine engine ?{
A parameters) ;
3 -
9 e = the error in prediction, the resldual (as o
i deplicted in Figure 7) i
.) ‘.
i and is the best fitting line among the data points, The 1

data polnts in thls analysis are engine parameters and their _

assoclated Maurer Factor,
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Ty-Yy = deviation not
' explained by
e ’// regregsion

2 | Y.

= deviation
explained by
regression
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: n a Regression Model (25:1419)
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i In performing regression analysis, the following
? assumptlions are made about the dependent and independent
i variables: 5 @
' 1. E(ei) = 0; expected value of error. |

2. Var(ei) = aza variance of error. %

3. The ei's are normally distributed.

4, The e, 's are independent.

5. The number of observations (n) is greater than

the number of parameters in the model.
6, The rank of the X matrix is P (the number of

parameters). }
A &, FPFach column of data in the matrix must be |

Pt

linearly independent.
B b, If not linearly independent, the matrix

. cannot be inverted,
7. The independent variables are observed without

error (25:1341),
Por a model to be considered valid, the assumptlons should

be met, * The verification of these assumptions 1ls explained

by the use of statistical tests on the model.

The method used to estimate the llnear regression is
the least asquares method., Model 4 1s the predictor model
in this case and is of the form

EMF = -58966,135 +

where i

A%%i.#é& (AF) + 67321.,157 (MSFC)
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A
;

EMF = The estimated Maurer Factor

AF = Alr Flow

MSFC = Maximum specific fuel consumption

AB = Afterburner
and to validate the model, the F-test and t-test were
conducted, The predictor model was achieved using a
computer multiple regression subprogram, (See Figure 8 for
the Model 4 statistical program.) This subprogram also
provided the statistics for the PF-test and t~test (Table 36).

F=test
An F-test is performed to determine if a statistically
signlficant relationship exists between the dependent

variable and the independent variables, 1In Model 4 the F
ratlo,

F = variance explained by regression
- unexplained varlance !

is equal to 17.98., To determine whether the model is
significant the F ratlo is compared to a critlcal F (F,)
calculated using an F Statistics Distribution Table |
(251716-717), If F < F, then the null hypothesis (Ho)
cannot be rejected,

Ho t By =fp = vvs =By y =0
However, if P > Fc then Ho can ve rejected and further
testing of the model can be continued. In Model 4, F =
17.98 > Fc = 3,32 which is significant, thus reject Hyo
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5‘? SLOTNPUT FORNATIFREEFTELD

i SITOLNPUT NEDIUNICARD
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3 Multiple Regression Computer Program . i
. o
b .
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t-test

In Model & above, the null hypothesis for the overall
model was rejected; therefore, at least one of the regressors
(independent variables) in the model was significant. To
check the regressor for significance, a t;test was performed
on each of the independent variable's coefficlent, the
hypothesis being Hy 1 B =0,

The information was again obtained from Table 36,

The t value associated with each of the independent
variables is equal to the square root of that variable's
F statistlc, thus:

typ *V53.9 = 7.34

tygpe V5617 = 2.37

tyg =VILBI1 = 1.27
Again, the critlcal % (tc) was taken from the Student's %
Critical Points table (251713). Since t, = 2,042, and t,q
and tMSFc >ty alr flow and maximum specific fuel
consumption are significant variables in the model. .
Afterburner does not prove significant, but the variable
may still add to the model. In Model 4, afterburner was
included (25:345-346).

Thug far, the P test of the overall model indicated
a good model; and the t tests of the individual regressors
implied that AF and MSFC were significant regressors.
However, further testing must be accomplished to indicate
whether there exists a relationship among the residuals
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called autocorrelation, A relationship occurs most often
in time series data or when an important variable is left
out of the model., From the multiple regression subprogranm,
a Durbin-Watson statistic is produced which is used to
detect autocorrelation. (See Table 37 for the Durbin-Watson
statistic,)

The Durbin-Watson test uses two limiting valuss of
a critical D (Durbin-Watson atatistio)--DL and Py which

_correspond to a lower and upper D. In this test two

hypothesis exlst,
Hyt No positive autocorrslation

Haa Positive autocorrelation

Hyt No negative autocorrelation

Hgt Negatlve autocorrelation
D in Table 37 for Model 4 equals .63. This value is then
used in the Durbin-Watson test for autocorrelation (293721).
Using a Durbin-Watson Table,

n =35

K=3

DL = 1,275

Dy = 1.655

D = .63
therefore,

D < DL
hence, positive autocorrelation exists., A test for negative

autocorrelation is tharefore unnecessary (25:720-721),
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L A R A

r _.;;
L #516 PIRANETER No35 1
#428 DINENSION INF(35)+INT (3304 IAF(3%) LTIT(35) 1DIA(30)
. : © 4038 DINENSION T(39)+ IAB(3%) (FC(35) ¢ INTUST (38)
_ A0 CALL ATTACH(110"79A62/ENFOATAZI® 1L 18r1) :
445 CALL ATTACH(12/"79462/ENFDATAAT"131011) i
! 456 20 19 [stol 3
2 #068 READCLL LMRILN TNFLL) o TWTCD) o IAF LD o ITITCE) $DIACTY 1 THCD) 1 1ABULYS 3
B AUTIL FC(T) (INTUSTID) g
84 19 CONTINUE iy
g #0990 00 20 TsloN-1 ‘ k.
8 | 0108 Jsl | i
. © 16 00 36 dedt1eN 4
i 0126 IFCUTINILLEITITIN 60 70 30
1130 "T=2ie L) _ : .
R 4P LFLTISINFLY) iy
k. S It ' .
#140 1TE(NTIT) K
. W10 T AT
- #160 IV (J121TE
190 ITNARC)
008 TFITIIAR L) _
0210 147 ()1 TEN
i #1220 1ENSAITITUT) A
' 1230 DITITITI
i 248 TTIT(JILTENS L 3
1230 TERDIA(I)
f 0200 DIALIARTAW) 3
0279 DIA(IITE |
: 0280 TENTU(D) 1
i 0290 T TR 3
3 03840 TH(J) STEN
0316 [TENP=IABII) ;
2 0528 1AB(T) = 1ARUO) ]
4 1338 [AR()ITENP y
b . 034 TENRFCLD) 3
0330 FOCD2FCLU)
K. 0340 FCLJ)TENP
p. #570 1TENPSSINTUBTLI) i
- . 0300 INTUST(1) =INTUSTI) 3
i 9390 INTUT (J) = [TENPS 1
- #4040 30 CONTINUE
#410 20 CONTINGE 4
o 420 T 4§ InleN 4
. #4430 VRTTE (20 LOLO)INF (1) TUTUD o TAF LED S ZYLTUD) DIACE) 4 THAL ¢ IABK )¢ i
. #A44L FC(TD 1 INTUSTUY)
i Figure 9 : 1

Program for Ordering Data
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The findings of positive autocorrelation in Model 4 ;

indicate that it would not be a reliable predictor of values ]
for MPs,
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The dollar amounts for the validation engines used
were the selling price of the engines to DOD., Since the
Navy Maurer Factor cost models wers based on manufacturing
cost, the prices for the validation engines had to be
adjusted to manufacturing costs. This adjustment was
accomplished by removing profit and generaml and administrative
(G%A) costs from the engine prices, The profit and G&A
rates were calculated by a cost analyst in the Propulsion
Branch. Calculations were based on avallable pricing
information for the engines under consideration. Table 38

is a summary of the rates used,

Table 38
Profit/G&A Rates

Validation Engine Number Profit/G&A Rate (%)

1 16
2 46
3 25
4 25
5 38.8
6, 7, 8,9 16
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AB . .+ .+ ¢+ « « Afterburner, dummy variable to indicate
the presencs of an afterburner

AP « + v ¢+ « + + « Alr Plow, maximum rated for an engine
AFAPL .+ . « + « o Alr Porce Aero Propulsion Laboratory
AMS . + « « « « .« Aerospace Material Specification

CAMC . + + + + « » Cumulative Average Manufacturing Cost
CER + + + + 2+ « » Cost Estimating Relationship

CI « v « « o « « + Conflidence Interval

DOD + « « + +« o « Department of Defense

DMT . « « + + « . Delta Technelogy Time

EMF . « ¢« + « + . Estimated Maurer Factor

EPR + « ¢« ¢« « + « Engine Pressure Ratio

FY + « + « « « + « Flecal Year
GESP . « + &+ « 1+ o General Electric Specification
i MAGH + + + + + + + Sea Level Limiting Mach

MP + « + s o« s+ o+ « Maurer PFactor

MIRST + + « o« + +» Maximum Thrust

b | MAT + « « + & » . Model Qualification Test

f MRITYR 4 « +« « » « Mode) Qualification Test Year
,g. PRESS + +« + » + « Overall Pressure Ratio
| RPM « + « « +» + « Revolution Per Minute

fﬂ , RPMMAX « + « « + « RPM of an engine at Maximum Thrust

SFC .+ « « 4« + « « Specific Fuel Consumptlon
“ MSFC + + « « ¢« » o+ SFC 2t Maximum Power

Turbine Inlet Temperature

Time of Arrival
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